Hydrogen is the most abundant element in the universe. Though, at the top of the alkali metal column in the periodic table, hydrogen is not an alkali metal and is an insulator in ordinary conditions. The pressure-induced transformation is expected to be accompanied by a decrease in 1
the band gap and eventual formation of metallic hydrogen 1 , attracting a lot of interest. Lithium has a single valence electron similar to hydrogen, but lithium is a good conductor of heat and metal under ambient conditions. Unlike the metallization of hydrogen under high pressure, lithium can transform from a nearly free-electron metallic solid to an insulating one, i.e. pressure-induced antimetallization 2 . As a contrasting counterpart, lithium can provide meaningful referential aspect for understanding of hydrogen at pressures.
Recently hydrogen-rich materials have been investigated extensively and profoundly. Alkali metals, e.g. lithium and potassium, together with hydrogen can be compressed into alkali highhydride alloys 3, 4 , and metallize at pressures much lower than that required for pure hydrogen due to the "chemical precompression". A special mention has been made on the group-IV hydrides,
calculations and experiments on compressed silane [5] [6] [7] , disilane 8, 9 , germane 10 , etc. show the possibility of metallization at moderate pressures. These studies are believed to be useful to realize metallic hydrogen, which has been described as "the holy grail of high-pressure physics" 11 . Accordingly, the studies of group-IV lithium compounds should benefit to the comprehension of the metallization of group-IV hydrides which are very important for understanding and researching metallic hydrogen.
Lithium is well-known for its ability to form heterogeneous clusters with various elements.
Since the experimental discovery and theoretical verification of "hyperlithiated" bonding, which involves formal violations of the octet rule in doped Li clusters 12 , there have been lots of theoretical and experimental investigations with the purpose of insight into the specific structural and electronic properties of these systems. 15 .
In view of interests mentioned above, we have explored the crystal structures of lithiumrich compound CLi 4 in a wide pressure range from ambient pressure to 300 GPa. Contrary to the group-IV hydrides, a reverse pressure-induced metallization is found in the CLi 4 system under high pressure. We have found that the phase transitions from metallic P1, P-1, P2 1 , C2/m, to semimetal and semiconductor of R-3m, and eventually to insulated Fddd with increasing pressure quantitatively by Fermi Surface Filling Parameter and electron energy band gaps using ab initio GW calculations. Pressure-induced anti-metallization is found not only in the CLi 4 system, but also in the phase of R-3m. Unlike group-IV hydrides, the electron-phonon coupling interactions are fairly weak and the superconducting temperatures are very low under high pressure. Finally, we attribute anti-metallization to the hybrid valence electrons and their repulsion by core electrons into the lattice interstices.
The enthalpy-pressure curves of CLi 4 show the possible decomposition to the elements and reported compounds, see Figure 1 , and the other possible lithium-rich carbides CLi n (n=2∼6) and their stability can be found in supplementary material (see Extended Data Figure 1) . Obviously, After the discussion on the viewpoint of thermodynamics above, the studies focus on mechanics and the lattice dynamics to test the reasonableness of propositional structures. The mechanical stability provides a useful understanding for the structure of crystals. The strain energy of a crystal must be positive against any homogeneous elastic deformations, i.e., the matrix of elastic constants C ij must be positive definite 29 . The elastic constants have been calculated and listed in Extended Data Table 5 . Obviously, the elastic constants of the structures satisfy the mechanical stability criteria 29, 30 It is known that ab initio DFT calculation usually gives incorrect estimate of fundamental energy band gap of materials 6, 31 . Recently, ab initio GW calculations show good improvement in predicting energy band gap. The GW correction can yield a reliable band structure of candidates to ensure that they are indeed metallic under pressure. In view of this, it is worth to perform electronic band structure calculations at the level of ab initio GW method. From the insets e and f of 3DFS of R-3m at 60 GPa in Figure 3 , we can clearly find the difference between ab initio DFT calculation and ab initio GW method.
To investigate the degree of metallization quantitatively in metal CLi 4 under pressure, Fermi Surface (FS) Filling Parameter ζ is used, where ζ is described as ζ =
Obviously, this parameter can be deduced by the nesting function ξ (Q) 32 . Here N(0) is the FS density of states, and C √ ε F accounts for the intersection point between envelope and Fermi line in the chart of electron density of state of metal. This parameter can be used to describe free electrons ratio in metal. Obviously, ζ is the maximum value of ξ (Q) at Gamma point and means the degree of metallization, as shown in inset g of Figure 3 .
A remarkable property of CLi 4 is the existence of phase transitions from metal to insulator with increasing pressures. At the lower pressure range below 70 GP, P1, P-1, P2 1 , C2m, and R-3m phases are all metallic, and the degree of metallization declines gradually with increasing pressure except a slight pressure-induced metallization from phase P-1 to P2 1 , as described in Figure 3 (left part). At about 70 GPa, the metallic character of R-3m CLi 4 disappears, and the non-metallic character of energy band gap begins to appear. Above 70 GPa, the energy band gap of R-3m phase grows bigger and bigger until reaching a value of 2.43 eV at 128 GPa with GW corrections, as shown in Figure 3 (right part). So, the R-3m CLi 4 is a transitional phase from metallic property to non-metallic one. After 128 GPa, insulated Fddd phase appears with a band gap value of 3.26 eV at 128 GPa. With further increase of pressure, the band gap has a slight elevation until 300 GPa.
So, the decrease of metallization and increase of non-metallic character are revealed in compressed Surface Filling Parameter (FSFP) will be a valuable parameter to quantify the evolution of the free electrons, as described here.
METHODS SUMMARY
Ab initio evolutionary algorithm designed to search for the structure with the lowest energy at a given pressure has been implemented in USPEX code 16 . The underlying ab initio structure relaxations have been performed using density functional theory within the Perdew-Burke-Ernzerhof (PBE) parameterization of the generalized gradient approximation (GGA) 17 as implemented in the Vienna ab initio simulation package VASP code 18 . The all-electron projector-augmented wave 
